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SUMMARY
A studyhasbeenmadeof existingexperimentalndtheoretical
resultsforan inclinedflatplateof infinitespan,andof theextent
towhichtheresultsareindicativeofthoseforthinairfoilsections.
Thestudyincludedan examinationf theflowaboutan inclinedplate,
theforcesontheplate,andtheadequacyof theoryinpredictingthe
forces.Theoriesconsideredwere thewell-knownthin-airfoiltheory,
andthetheoryofdiscontinuouspotentialflowandmodificationsthereof.
Theeffectsofcompressibilitywereexsmined.
s Theresultsof thestudyindicatethattherearetwoimportant
rangesofangleofattackdifferingby theextentof flowseparationon
theuppersurface.At anglesofattackbelowabout8°, flowseparation
. andreattachmentoccur,andthewell-knownthin-airfoiltheoryisade-
quateforpredictingtheliftandnormalforceon theplate.Similar
resultswerenotedforthinairfoilsections.At thehigheranglesof
attacktheflowiscompletelyseparatedfromtheuppersurfaceas is
assumedinthediscontinuouspatential-flowtheoryforan inclinedflat
plate.Thetheory,however,is entirelyinadequate.A simpleempirical
modificationfthetheoryis suggested;themtiifiedtheoryprovidesa
goodfirstapproximationf theforcesandmomentson thinairfoilsec-
tionswiththeflowcompletelyseparatedfromtheuppersurface.Effects
of compressibilitywereevidentfromtheavailablexperimentaldata;
however,theeffectswere notdefinedsufficientlyforevaluatingmethods
ofprediction.
INTRODUCTION
Theresultsof studies,by earlyresearchersinhydrodynamics,of
theflowaboutandtheresultantforcesonan inclinedflatplateof
infinitespan,heretofore,havehadlittlepracticalapplication.The
h typeof flowconsidered,consistingof detachedflowovertheupper
surface(i.e.,rearwardsurface)andattachedflowoverthelowersur-
face,wasnotencounteredon conventionalirfoilsin theangle-of-attack
v rangeofpracticalinterest.Withtheintroductionf thinairfoilsand,
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inparticular,thosewithsharpleadingedges,theforegoingcircumstance
.
no longerexists.Theseparatedtypeof flowhasbeenfoundtooccuron
thinunsweptwingsatandabovetheangleofattackformaximumlift,on b“
thinsweptbackwingsconsiderablypriortowingmaximumlift,andonthin
propellerswhenoperatingat take-offconditions.Itappearedworthwhile,
therefore,tomakea study ofexistingtheoreticalndexperimental
resultsfortheflatplateandtodeterminetheirapplicabilityothin
airfoilsections.Theresultsofthestudyarereportedherein.
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RESULTSANDDISCUSSIONOFSTUDY
Therearetwo
of infinitespan.
theorieswhicharepertinentoan
Oneis theso-calleddiscontinuous
inclinedflatplate
potential-flow
theory(ref.1,pp.330-336)whichtreatsthecasewheretheflowis com-
pletelydetachedfromtheuppersurface;theotheris thewell-known
thin-airfoiltheory(ref.1,pp.24-53)whichtreatsthecaseofunsepa-
ratedflow. Sincetheformertheoryhasbeenof littlepracticalinterest
and,consequently,isnotsowellknown,thefollowingbriefdiscussion
isbelievedin order.
Thefirstcompletetreatmentoftheseparatedtypeof flow,using
methodsof classichydrodynamicsappearstobe thatpresentedby Rayleigh
in 1876. Hetreatedboththecaseof theplateobliqueto thestresmand
normalto thestream.Kirchhoffsomeyearsearlier(in1869)hadcon-
sideredbothcasesbutpresentedcalculatedresultsonlyinthecaseof
theplatenormalto thestream.Althoughworkingindependently,their
approachwasa commonone,makinguseofHelmholtz’shypothesisofa
surfaceofdiscontinuity(i.e.,a surfacewhichseparatestwostreamsof
differentvelocities).As a consequenceof theuseofthishypothesis,
m theirapproachisknownintheliteratureas themethodofdiscontinuous
potentialflow.
v A completedescriptionf themethodisgiveninreference1. The
salientfeaturesofthemethodareas follows:It isassumedthatlines
ofdiscontinuitystartat theleadingandtrailingedgesof theplate
andextendto infinity.(Seefig.1.) Withinthetwolinesthefluid
isassumedtobe at restwithrespecto theplate.Outsidetheselines
theflowisassumedtobe smoothandsteady.As a resultof theflow
conditionsassumed,thepressurein thewake(i.e.,theregionbounded
by thelinesofdiscontinuity)isconstantandequaltothefree-stream
staticpressure,andthevelocityoutsidethewakeisequalto thefree-
streamvelocity.
Thesolutionfortheforceontheplatedueto
abouttheplateis,incoefficientforms
2X sins
Cn= 4+ fisina
The
ing
The
the
center-of-pressurelocationinfractionsof the
edgeis
= 0.50 - cos a0.75 4 + x sinaXcp
derivationoftheequationfor Cn isgivenin
equationforthecenter-of-pressurelocationis
thedescribedflow
(1)
chordfromthelead-
(2)
references1 and2;
fromthederivation
4giveninreference2,wherein
ratherthantheleadingedge.
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.
thelocationisreferredtothemidchord
Sincethereis onlya normalforceactingon
tionsforthecoefficientsof liftanddragare
Cz= 2Y(sinu 0sa
4+fis&
Z%rsin2cd = CL
k+ fisina
h
theplate,theequa-
(3)
(4)
Theforegoingequationsarepresentedingraphicalforminfigure2,
togetherwiththethin-airfoil-theoryresultsandtheexperimental
resultsfora flatplateasmeasuredby FageandJohansen(ref.3). (The
experimentalresultsareuncorrectedfortheconstraintofthetunnel
walls.Itis statedinthereferencereportthatthemeasuredvaluesof
thenormal-forceoefficientshouldbe reducedby amountsvaryingfrom
8 percentata = 30°to 13.5percentata = 900.) Theadequacyofthin-
airfoiltheoryinaccountingforthemagnitude,ofthenormalforceand
theliftontheplateinthelowangle-of-attackrange,andtheinadequacy
oftheRayleigh-Kirchhofftheorythroughouttheentireangle-of-attack
rangearereadilyapp=entfromthefigure.Inthecaseofdragcoef-
ficientandcenter-of-pressurelocation,boththeoriesareinadequate
throughouttheangle-of-attackrange.
Thatthin-airfoiltheorywouldbe applicableinpredictingthelift
ofa flatplateat lowanglesofattackmayseemsurprisinginviewof
theprobableseparationof flowfromtheleadingedgeoftheplate.It
appears,however,fromtheoreticalconsiderationsandan examinationf
theliftandflowmeasurementsona thinsharp-edgeairfoilsection
(ref.4),thattheapplicabilityofthin-airfoiltheoryisdetermined
primari.lybytheflowconditionat thetrailingedge. Theliftmeasure-
mentsasgiveninreference4 forthethinsharp-edgeairfoilsectionare
reproducedinfigure3; thedatawerenotcorrectedfortunnel-wall
effects.Alsoshownarethevaluesofliftindicatedby thin-airfoil
theoryandtheRayleigh-Kirchhofftheory.Theextentoftheseparated-
flowregionisindicatedin figure4,whichis a reproductionfa
figureinreference4. Theboundaryof theseparated-flowregionwas
definedby thezero-velocitypointinvelocitydistributionsabovethe
surfacewhichweredetemninedby rakesofconventionalstatic-andtotal-
pressuretubes.Itisnotedfromfigure3 that,as fortheflatplate,
theliftvariationwithangleofattackwasessentiallythatspecified
by thin-airfoiltheoryup toabout7.5°, andthendeviatedrapidly.The
dataontheextentofflowseparation(fig.4) showthattheflowsepar-
atedfromtheleadingedgeata verysmallangleofattackandthen
reattachedfartherbackalongthesurface.Thepointofreattachment
movedfartherbackwfthincreasingangleofattackuntilat 7.5°, the
angleofthelift-curvedivergence,theflowwascompletelyseparated
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fromtheupper
dependentupon
surface.Thattheamountof liftdevelopedisprimarily
theflowatthetrailingetieis.of course.tobe
expected,sincein thin-airfoiltheory-the-amo&tof liftisestablished
by satisfyingtheKuttaconditionat thetrailingedge. Leading-edge
flowseparationcould havean effecton theamountofliftdeveloped,
however,througha changeintheboundary-layerthicknessat thetrailing
edge.Anotherwaythattheleading-edgeflowseparationcouldpossibly
influencetheamountof liftisthatitproduces,ineffect,a cambered
airfoilformedby theplateandtheseparated-flowregion.If suchwere
thecase,thethin-airfoil-theorys lutionforliftduetoangleof
attackmightnotbe expectedtobe applicable.However,intiewofthe
liftresultsobtained,it isapparenthatleading-edges parationhad
little ffectonthecirculationata givenangleofattackas longas
theflowreattachedtothesurfacewellaheadof thetrailingedge.
Withcompletedetachmentof theupper-surfaceflow,a flowcondition
assumedintheRayleigh-~rchhofftheoryis satisfied,but,aswasnoted,
thetheoryfailstodefinetheforcesandmomentsontheplate.Ithas
beenfairlywellestablishedthatthefailureisduetodifferences
betweentheassumedandactualwakeconditions.As notedinreference1,
flowobservationshaveshownthefluidbehindtheplatetohavea definite
verticalmotionratherthanbeingat restas assumedinthetheory.
l Further,thewakeboundariesareactuallyvortexsheetsratherthansur-
facesofdiscontinuitiesas assumedinthetheoreticaltreatment.(See
l reference5 fortheresultsofa detailedstudyofthestructureofthe
sheets.)Dueto thepresenceof thevorticesinthewake,a pressure
lowerthanthatof thefreestreamisdevelopedat theuppersurfaceof
theplate.Howmuchthepressurediffersfromthatof thefreestream
isindicatedinthefollowingtable.Alsoshownaretheexperimental
valuesoftheaveragelower-surfacepressurecoefficientandthetheo-
reticalvaluesforbothsurfaces.Theexperimentalvaluesarefrom
reference3 andhavebeencorrectedforwind-tunnel-walleffects.(See
theappendixforthemethodof correction.)
9
a,
deg
;:
40
50
60
70
80
90
P,
Experimental
-0.58
-.80
-.90
-.98
-1.04
-1.04
-1.05
-1.05
v
Theoretical
o
0
0
0
0
0
0
0
P2av
ExperimentalITheoretical
0.25 0.34
.41 .56
l53 .67
.62 l75
.69 .81
.75 .85
.78 .87
979 .88
Itcanbe seenfromthetablethatthedifferencesbetweenexperi-
.
mentandtheoryarelargeinthecaseof theuppersurfaceandrel~tive~
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smallInthecaseofthelowersurface.Thedifferencebetweenthe
experimentalndthetheoreticalvaluesoftheup~r-surfacepressure
coefficientvariesfromabout60to70percent-ofthecorresponding
experimentalnormal-forceoefficient,whereasforthelowersurfacethe
differencevariesfromabout5 to 12percent.Effortsto improvethe
Rayleigh-Kirchhofftheoryobviouslyshouldbe andhavebeendirected
towardobtaininga methodofpredictingthewakeconditionsandtheir
effectontheupper-surfacepressure.
Theonlyexistingmodificationk ownisthatproposedby D.
Riabouchinsky.Hisproposalisbrieflydescribedinreference1. It is
statedthereinthathe suggestedan assumptionofa secondplatedown-
streamandthecalculationftheshapeofthewakebetweenthetwo
plates,thesizeandlocationofthesecondplatebeingchosenin sucha
waythatthepressureinthewakewasequaltothevalue foundexperi-
mentally.ThusRiabouchinskylsmethodisessentiallyempirical.A
simplerempiricalapproachis suggestedinthefollowingsectionofthe
report.
EmpiricalModificationftheRayleigh-KirchhoffTheory
SincetheRayleigh-Kirchhofftheoryadequatelyaccountsforthe
averagepressureoverthelowersurfaceofa plate,a simple mpirical
modificationfthetheorywouldbe to substituteexperimentalvaluesof
theupper-surfacepr~ssurecoefficientdirectlyinplaceofthetheoreti-
cal. Theonlyvaluesfoundtobe availablefora flatplatewerethose
measuredby FageandJohansen(ref.3) andgivenintheprecedingtable.
A comparisonf thesevalueswiththoseavailableforairfoilsectionsat
highanglesofattackindicatedthedesirabilityofobtainingadditional
valuesfora flatplate.Inordertoprovideadditionalvalues,measure-
mentsweremadeoftheaveragepressureovertheuppersurfaceofa 2-
inch-chordplateina windtunnelwitha 2-by 5-feettestsection;the
platespannedthe2-footdimensionofthetest.section.Theresulting
valuesof PUavJ correctedfortunnel-walleffectsby themethodgiven
intheappendix,arepresentedinfigure5 alom withtheflat-plate
valuesfromreference3. Alsoshowninfigure5 arethevaluesfor
severalairfoilsectionswithcompletelydetachedupper-surfaceflow.
ThevaluesfortheNACA0015sectionwereobtainedfromtestsofthe
sectionthroughanangle-of-attackrangeof 0°to 1800(ref.6);cor-
rectionsfortunnel-walleffectswerenotrequired(seeAppendtiIIof
ref.6). Thevaluesforthe64A-seriessectionwereobtainedfromtests
ofthesectionsatanglesofattackup to28°,ata Machnumberofapproxi-
mately0.3,andincludetunnel-wallcorrectionsby themethodgivenin
theappendixofthepresentreport;theMachnuniberisabout0.2higher
thantheMachnumbersofthetestsoftheplatesandtheNAC!A0015
section.(Theeffectoftheclifferenceis smallandhasbeenapproxi-
matelyaccountedforby usingthetheoreticalcompressibilityfactors
discussedlaterinthereport.)
.
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Theflat-plate values of
various airfoil sections were
7
thepresentreportandthevaluesforthe
usedinestablishingthecurveshownin
d figure~. It isbelievedthatthiscurveprovide;a reasonablygood
definitionofvaluesof I&v touseinthemodificationf theRayleigh-
Kirchhofftheory.Althoughthecurveisbasedondatacoveringonlya
Reynoldsnumberrangeof 0.15to 1.23million,thecurveshouldbe
applicabletohigherReynoldsnumber.
Usingthevaluesof Puav fromthefaired
modifytheRaylelgh-Kirchhofftheory,theforce
aregivenby thefollowingequations:
%sina -p
cn=~ +nsina %v
Cz=
(
2s(sina
4+ fisina )
- Puav Cosa
(
2Ycsinacd=
4+ fisina )- ‘% ‘ina
curveof figure5, to
andmomentcoefficients
2fisina
c~/A= 4 +fisina (0.25 -X=p) +%
. where ~p is givenbyequation(2). Theresultsgiven
equationsarein goodagreementwiththeflat-platedata
rectedfortunnel-walleffects.
Inorderto indicatethedegreeofapplicabilityof
(5)
(6)
(7)
(8)
by these
(ref.3) cor-
themodified
flat-platetheoryto thinairfoilsections,thecoefficientvaluesgiven
by theforegoingequationsarecomparedin figure6 withcorresponding
measuredvaluesforseveralthinairfoilsections(refs.7 and8);also
showninthefigurearethin-airfoil-theoryvalues.(Althoughthevalues
of P%v tobe usedinequations(5)through(8)wereestablishedfrom
dataforbothairfoilsectionsandplates,theequationsarestrictly
applicableonlytoa plateorairfoilsectionwitha flatlowersurface,
sincetheRayleigh-Kirchhofftheoryappliesonlytoa flatlowersurface.)
Theindicationofapplicabilityis limitedsomewhatby theangle-of-attack
rangeandscatterof theexperimentalvalues.Fortheangle-of-attack
rangecovered,however,itis concludedthatthemodifiedRayleigh-
Kirchhofftheoryprovidesa goodfirstapproxhnationf theforcesand
momentsonthinairfoilsectionswithcompletelydetachedupper-surface
flow.
m A briefexaminationhasbeenmadeof theeffectsofcompressibility
ontheseparated(i.e.,discontinuous)typeofflowconsideredherein.
Thecompressible-flowc unterpartoftheRayleigh-Kirchhofftheorywas
givenby Chaplyginin 1902(ref.9). Hissolutioncanbe applied
approximatelyasa compressibilityfactorina manneranalogoustothat
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usedinapplyingthewell-knownPrandtl-Glauertrelation.Thefactor
fromChaplygin’ssolutionisapproximately1/[1- (0.~)2].A consider.
ablysmallercompressibilityeffectisindicatedby C!haplyginlssolution
thanwouldbe indicatedby thePrandtl-Glauertrelation.Itmayseem
questionabletoconsidertheuseofthePrandtl-Glauertrelationin this
case,sinceitisnormallyassociatedwiththecontinuoustypeof steady
potentialflow.Thereappearstobe no reason,however,whyit shouldbe
invalidbecauseofthediscontinuityintheflow(fig.1)assumedinthe
Rayleigh-Kirchhofftheory,sincethetheoreticalforceisdueto thecon-
tinuousteadypotentialflowoccurringoutsideoftheareaboundedby
theplateandwake. Inthecaseoftheactualflowandforceona plate,
thereisno theoreticalbasisforapplyingeithertheChaplyginsolution
or thePrandtl-Glauertrelationbecauseofthepreviouslydiscussedlack
ofa theoreticaltreatmentof thelargewakeeffect.Itappearsof
interest,nevertheless,toexeminetheirapplicabilityinthelightof
availableexperimentalevidence.Valuesof liftcoefficientpredicted
by applyingeithertheChaplygincompressibilityfactor,orthePrandtl-
GlauertrelationtothemodifiedRayleigh-Kirchhofftheoryarecompared
infigure7 withmeasuredvaluesforthree6-percent-thickairfoil
sections.(Theexperimentaldata,fromreferences7and8, wererecor-
rectedfortunnel-walleffectsby themethodgivenintheappendixof
thepresentreport.)Duetounaccountabledifferencesandscatterin
theavailabledata,nodefiniteconclusioncanbe reached.Applicability
of thePrandtl-Glauertrelationisgenerallyindicatedby thedataforthe
NACA64-oo6section,andtheChaplyginsolutionby thedatafortheother
twosections.
CONCLUDINGREMARKS
TheBtudyofexisthgexperimentalndtheoreticalresultsforan
inclinedflatplateofinfinitespanrevealedthefollowingfactsregard-
ingthetypesof flowoccurringabouttheplate,andtheadequacyof
theoryinpredictingtheforcesontheplate.At lowanglesofattack,
belowabout8°,flowseparationa dreattachmentoccursontheupper
surface,andforthisanglerangethin-airfoiltheoryisadequatefor
predictingtheliftandnormalforceOHtheplate.At higheranglesof
attacktheflowiscompletelyseparatedfromtheuppersurface,a condi-
tionwhichisassumedintheRayleigh-Kirchhofftheoryforan inclined
plate.‘TheRayleigh-Kirchhofftheory,however,isentirelyinadequate
forpredictingthemagnitudeof theliftandnormalforceontheplate
withcompletedetachmentof theupper-surfaceflow.
ThedeficiencyoftheRayleigh-Kirchhofftheoryisduetodiffer-
encesbetweenassumedandactualwakeconditions;asa consequence,the
averageupper-surfacepressuregivenby theoryis considerablydifferent
fromexperimentalvalues.A simplempiricalmodificationfthe
Rayleigh-Kirchhofftheorythatappearspromisingisto substitute
u
.
,M
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elqerimentallydete~ned valuesoftheupper-surfacepressureinplace
. of thetheoretical.Comparisonofvaluesof lift,normal-force,drag,
andpitching-momentcoefficientgivenby themodifiedtheorywithvalues
measuredforthinround-noseairfoilsectionsindicatesthatthemodified
theoryprovidesa goodfirstapproximationf theforcesandmomentson
suchairfoil~ectionswhentheflowiscompletelyseparatedfromtheupper
surface.Experimentaldataindicatean effectof compressibilityon the
liftofairfoilsectionswithcompletelydetachedupper-surfaceflow;the
effectof compressibilitywasnotsufficientlydefined,however,for
methodsofpredictiontobe evaluated.
AmesAeronauticalLaboratory
NationalAdviBoryCommitteeforAeronautics
MoffettField,Calif.,May4, 1954
.
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APPENDIX
TUNNEL-WALLCORRK!TIONSFORAN INCLINEDFLAT
PLATEOFINFINITESPAN
Themethodofcorrectionisa simple xtensionof themethodgiven
inreference10forcorrectingthedragofan infinite-spanplateinclined
90°tothestreamina closedtunnel.Itis showninreference10that
theeffectof thewallsc~ be treatedas simple
empiricallyestablishedthattheareablockedis
plate.Theequivalentfree-airvelocityisthus
where
V. equivalentfree-airvelocity
V.‘ tunnelvelocity
c chordlengthofplate
wakeblockage.Itwas
equalto theareaofthe
h dimensionoftunnelcrosssectionormaltoplatespan
To extendthisapproachtoanglesofattackotherthan90°,itis
assumedthatthewalleffectscanstill.be treatedas simpleblockageand
thattheblockedareaisequaltothefrontalareaoftheplate.(The
factthatthisreductioninareadoesnotoccurat onestreamwiseposition
isneglected.)It isalsoassumedthattheapproachisapplicableto com-
pressiblesubsonicflow.Theresultingequationsforthevelocity,Mach
number,andd~amicpressureare
!l~
—= l+~K%’ 1- (M’)2
,
.
.
where
K=l( c/h)sina
- (c/h)sins
NACATN 3221 I-1
c andh areaspreviouslydefined,andtheprimedsymbolsaretheuncor-
rectedvalues.Theratiosof correctedtouncorrectedvaluesof thelift,
normal-force,drag,andpitching-momentcoefficientareequalto the
reciprocalofthecorrespondingvaluesof ~/~’; forexample
c1 g
—=
Cz’ q.
Thecorrectedvalueof thepressurecoefficient
2K + P’
P=m
%/% ‘
is
Itistobe notedthattheforegoingmethodof correctionneglects
anypossibleffectsofthetunnelwallson theangleofattackor the
centerofpressure.Itisbelieved,however,thatsucheffectsare
small.
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F@ure 7.- Comparison of the measured effects of cmupreaaibilityon the lift characteristicsof
several thin airfoil sectionsat high angles of attack with the effects predicted for a flat
plate by applying either the Prandtl-Glauertremtion or we cbkw~n solution to me @-
fled Rayleigh-’K3.rchhofftheory. %
